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Localization of light ͓1͔ in photonic band-gap ͑PBG͒ materials ͓2,3͔ gives rise to fundamentally new effects in atomradiation field interactions. In recent years, several dielectric structures have been predicted ͓2-5͔ and observed ͓6-10͔ to exhibit a photonic band gap, a range of frequencies for which no propagating electromagnetic modes are allowed. This existence of PBG materials gives rise to a number of interesting phenomena including inhibition of spontaneous emission ͓2,11,12͔, strong localization of light, and formation of atomphoton bound state ͓3,13,14͔. Other confined photonic systems ͓15-18͔ such as microcavities, optical fibers, and optical wires also exhibit novel features arising from our ability to tailor the photon density of states ͑DOS͒ in a prescribed manner. The distinguishing common feature of the confined photonic systems is that the photonic mode density exhibits a rapid variation with frequency at certain edge or cutoff frequencies. For example, in the optical fibers, the mode density vanishes abruptly below a waveguide cutoff frequency 0 . For у 0 , the mode density of the fiber diverges as ͑Ϫ 0 ) Ϫ1/2 ͓18͔. In photonic band-gap materials, the DOS exhibits band-edge and other van Hove singularities. At the band-edge frequency edge , this can take the form of a singularity of the form ͉Ϫ edge ͉ Ϫ1/2 ͑one-dimensional or isotropic PBG͒, step discontinuity ͑two-dimensional PBG͒, or a singularity of the form ͉Ϫ edge ͉ 1/2 in a anisotropic threedimensional PBG ͓13͔.
Photon localization near the singularity of the mode density of a PBG leads to a novel regime of strong interaction between atoms and the radiation reservoir. In this situation, the Born and Markov approximations normally used in deriving master equation for atomic systems ͓19͔ are invalid. Recent attempts using only the Born approximation ͓20,21͔ failed to capture the effects of light localization and vacuum Rabi splitting of the atomic level near a photonic band edge. Moreover, the rapid variation of the photon mode density may lead to a dramatic influence of an applied field on the atom-reservoir interaction as a result of the different DOS's at the different dressed-state transition frequencies. The effect of the applied field on the atom-reservoir interaction has been discussed previously ͓22-25͔ in the framework of Born and Markovian approximations. This, however, is inadequate for the case when the dressed-state transition frequencies remain close to cutoff or edge frequencies.
In this paper we introduce a dressed-state Monte Carlo wave-function ͑MCWF͒ technique ͓26-28͔ for a wide class of non-Markovian atom radiation reservoir interactions. This method overcomes the shortcomings of the Born and Markovian approximations, and captures the influence of the driving field on the atom-reservoir interaction. Using this technique, we find new rich features of resonance fluorescence near the band edge of a PBG. In contrast to free-space resonance fluorescence, atomic population inversion occurs for a moderate intensity of the applied field. Furthermore, we show that, for a low intensity of the driving field, the atomic system keeps a long-time memory of its initial state. This may be relevant to an optical memory device at the atomic scale.
Consider a system of a two-level atoms driven by a classical external laser field and coupled to the radiation field reservoir. The atoms have an excited state ͉2͘, ground state ͉1͘, and resonant transition frequency 21 . The Hamiltonian of the system in the interaction picture takes the form H ϭH 0 ϩH 1 , where
Here i j ϭ͉i͗͘ j͉ (i, jϭ1,2) are the atomic operators; a and a † are the radiation field annihilation and creation operators; To determine the dynamics of this problem in an amplitude picture, we consider the projection of the atomic dressed-state wave function onto the one-photon sector of the full Hilbert space,
͑5͒
The process of resonance fluorescence, however, spans the multiphoton sector of the atom-radiation field Hilbert space, since energy absorbed by the atom from the external laser field can be re-emitted by the process of spontaneous and stimulated emission. That is, the state vector ͉⌿͘ AF fails to capture the possibility of random repopulation of the atomic ground state with many photons scattered into the radiation field reservoir. In what follows, the multiphoton contribution in repopulation of the ground state will be added in terms of a Monte Carlo simulation. The time-dependent Schrödinger equation, projected on the one-photon sector of the Hilbert space, takes the form
Substituting solutions of Eqs. ͑8͒ and ͑9͒ into Eqs. ͑6͒ and ͑7͒, we obtain,
where
are the delay Green's functions at the Mollow frequencies L and L Ϯ2⍀, respectively. In a system, such as a PBG material, with fast variation of the density of states in the frequency range L Ϫ2⍀ to L ϩ2⍀, these Green's functions may be very different. This difference embodies the influence of the external applied field on the atom-reservoir interaction. For a strong external field, the dressed-state transition frequencies L and L Ϯ2⍀ may be pushed far away from the band-edge singularity. In this case, these Green's functions are proportional to the DOS at L and L Ϯ2⍀, and it is sufficient to solve the quantum dynamics in the Born and Markov approximations ͓22-25͔. For weak and moderate external fields, the Mollow's spectral components remain close to the DOS singularity and it is essential to solve Eqs. ͑10͒ and ͑11͒ without recourse to the Born and Markovian approximations. Even for strong external field, the non-Markovian effects may cause new interesting features when one of the Mollow's spectral components is close to the DOS singularity.
In general, the Green's functions are determined by the structure of the density of states. For a broadband, smoothly varying density of state ͑as in free space͒, the dependence of the Green's functions on the applied field can be ignored: G 0 (tϪtЈ)ϭG Ϯ (tϪtЈ)ϳ(␥/2)␦(tϪtЈ), where ␥ is the spontaneous emission rate of the atom. Equations ͑10͒ and ͑11͒ can be simplified to
Equations ͑12͒ and ͑13͒ are equivalent to the quantum dynamics of the effective atomic ͑non-Hermitian͒ Hamiltonian ͓26-28͔
In other words, Eqs. ͑12͒ and ͑13͒ can be derived from Eq. ͑14͒ using the dressed-state atomic state vector in the form ͉⌿͑t ͒͘ϭb 2 ͑ t ͉͒2͘ϩb 1 ͑ t ͉͒1͘. ͑15͒
We emphasize that Eqs. ͑10͒-͑13͒ describe only the single-photon sector of the Hilbert space, and do not describe the actual repopulation of the ground state after many photons have been scattered into the reservoir. Consequently, the norm of the dressed-state wave function P(t)ϭ͉b 1 (t)͉ 2 ϩ͉b 2 (t)͉ 2 changes with time. It has been shown that this inadequacy may be overcome by recourse to a Monte Carlo wave-function technique ͓26-28͔. In this method, the atomic system can be described by the normalized wave function ''no-jump state vector''
in which the evolution of the system from its initial state ͓b 1 (0)ϭc, b 2 (0)ϭs if atom is initially in its bare ground state and b 1 (0)ϭϪs, b 2 (0)ϭc if atom is initially in its bare excited state͔ is determined in a piecewise manner by Eqs. ͑10͒ and ͑11͒. At random instants of time t i , this evolution is interrupted by a quantum jump ͑spontaneous emission event͒ that reduces the atomic wave function to the ground state. The system then evolves further from its bare ground state ͓with b 1 (t i )ϭc and b 2 (t i )ϭs͔ according Eqs. ͑10͒ and ͑11͒ until the next random jump. For each piecewise time evolution of the system ͑realization͒, we calculate the outer product ͉⌿ (t)͗͘⌿ (t)͉. Repeating the above simulation N realizations, we obtain an approximate dressed-state atomic density matrix A (t)ϭ(1/N)͚ 1 N ͉⌿ (t)͗͘⌿ (t)͉. In our numerical simulation, the jump was imposed when the norm P(t) was equal to a random number chosen uniformly on the interval between zero and unity ͓27͔. That is to say, after any given jump a new random number is chosen to prescribe the time of the subsequent jump.
As an illustration for the dressed-state MCWF technique for Markovian systems, in Fig. 1 we plot the probability of the atom on the bare excited state n 2 (t)ϭ͗ 22 (t)͘ in an ordinary vacuum ͑dashed and dotted curves͒, and compare this with the exact solution of the optical Bloch equation ͑solid curve͒ ͓29͔ for ⍀ϭ3␥ and ⌬ϭ0. Clearly, for a large number of realizations ͑Nϭ10 4 for the dotted curve͒, the simulation result is indistinguishable from the exact solution.
The simulation of the dressed-state MCWF for a reservoir with a singular DOS and non-Markovian noise can be carried out analogously. The only difference in this case is the form of the Green's function G 0 (tϪtЈ) and G Ϯ (tϪtЈ). As an illustration of the dressed-state MCWF technique for nonMarkovian system, we choose an isotropic PBG described by the effective-mass dispersion relation near the band-edge frequency c : k ϭ Х c ϩA(kϪk 0 ) 2 , with AХ c /k 0 2 ͓13,14͔. Using this dispersion relation, the delay Green's functions take the forms 
, where 0 is the Coulomb constant and d is the atomic dipole moment ͓11͔. Following the Monte Carlo numerical simulation described above and the Green's function Eqs. ͑17͒ and ͑18͒, we obtain an approximate atomic density matrix A (t). This density matrix is then used to evaluate expectation values of dressed-state and bare atomic operators.
In Fig. 2 , we plot atomic populations ͗R 11 (t)͘ and ͗R 22 (t)͘ on the dressed states ͉1͘ and ͉2͘, respectively, as a function of a scaled time ␤t for the case when the atomic resonance frequency 21 and the laser frequency are at the edge frequency c (⌬ϭ␦ 0 ϭ0) for moderate ͓Fig. 2͑a͔͒ and strong ͓Fig. 2͑b͔͒ external fields. For the exact resonance case ͑⌬ϭ0͒ in ordinary vacuum ͓29͔, ͗R 11 ͘ϭ͗R 22 ͘ϭ 1 2 in the long-time limit. In a PBG, the dressed state ͉1͘ ͑the left Mollow's sideband with frequency c Ϫ2⍀ ͓29,30͔͒ is inside the gap and exhibits negligible decay, whereas the dressed state ͉2͘ ͑the right Mollow's sideband at the frequency c ϩ2⍀͒ is outside the gap and exhibits resonance fluorescence. Consequently, in the long-time limit, the atomic population on the dressed state ͉1͘ is much larger than the atomic population in the dressed state ͉2͘, as shown in Figs. 2͑a͒ and 2͑b͒ . This imbalance of the atomic population between dressed states modifies the spectrum of resonance fluorescence considerably. In particular, the left sideband is absent because of the negligible DOS inside the gap. The total intensity of the right sideband, which is proportional to ͗R 21 R 12 ͘ϭ͗R 22 ͘, is also suppressed ͑relative to the corresponding Mollow sideband in free space͒ as a result of the decrease in ͗R 22 ͘ ͓solid curves in Figs. 2͑a͒ and 2͑b͔͒ . At a very strong applied field, both sidebands are almost totally suppressed, in agreement with Ref.
͓22͔.
The atomic population on the upper bare state ͉2͘ also exhibits new features. In Fig. 3 , we plot n 2 (t)ϭ͗ 22 ͘ as a function of ␤t for the same parameters as in Fig. 2 . Clearly, the steady-state atomic population exhibits inversion (͗ 22 ͘ Ͼ1/2) for the moderate value of the resonant Rabi frequency ⍀/␤ϭ0.8 ͑solid curve͒. This atomic population inversion cannot be obtained in the framework of resonance fluorescence in ordinary vacuum. Unlike conventional lasers, which require the existence of additional atomic levels to achieve inversion, atomic population inversion may occur for a photonic band-gap laser using two-level atoms and moderate coherent pumping. At a strong resonant external field, the atomic system approaches a saturation state with small dressed-state atomic polarization ͓dashed curve in Fig. 2͑b͔͒ and small atomic population inversion ͑dotted curve in Fig.  3͒ . The atomic population inversion has been discussed in Refs. ͓22,25͔ using the Markovian approximation, ignoring the effects of photon localization. In this paper, the bandedge localization effects are included. As a result, the atomic population exhibits inversion for much weaker applied field (⍀р␤) than that required in Refs. ͓22,25͔. In Fig. 4 we plot the atomic population in the upper bare state ͉2͘ for the case when 21 and L are far outside the gap and far inside the gap. Clearly, outside the gap, the atomic system behaves as in an ordinary vacuum ͑solid curve͒. Inside the gap, n 2 (t) FIG. 3 . Atomic population on the bare upper state, n 2 (t), as a function of a scaled time ␤t for ⌬ϭ␦ 0 ϭ0 and Nϭ5000. Here ⍀/␤ϭ0.8 ͑solid curve͒ and ⍀/␤ϭ4 ͑dotted curve͒. In both cases, the atom is initially in its bare ground state. exhibits sinusoidal Rabi oscillations characteristic of a driven two-level system with very small spontaneous emission decay rate ͓29͔ ͑dotted curve͒.
In Fig. 5 we plot n 2 (t) for the non-Markovian case of a weak external field in which the atom is initially in the excited state ͑dotted curve͒ or initially in the ground state ͑solid curve͒. In the former case, the weak-field resonance fluorescence is strongly affected by localization of spontaneous emission ͓11͔. This is manifest in the long-time behavior of the atomic system, which retains the memory of the initial state as shown in Fig. 5 . This is distinct from free-space resonance fluorescence ͓29,30͔, where the long-time behavior of the atomic system is independent of its initial state. As such, the two-level atomic system in a PBG constitutes an optical memory device. For a multilevel atom interacting with more than one external laser field, the non-Markovian effects of photon localization facilitate a coherent control of spontaneous emission, and the steady-state atomic inversion depends sensitively on the relative phase between the laser fields ͓31͔. On the other hand, for a strong external field ⍀ ӷ␤, the external field itself dominates the dynamics, and the memory of the initial state on the long-time behavior of the atomic system is suppressed.
In conclusion, we have considered band-edge resonance fluorescence using a dressed-state MCWF technique. This approach overcomes the shortcomings of the Born and Markovian approximations, and the influence of the applied field on atom-reservoir interaction is accounted for. The dressedstate MCWF approach may be used for a broad class of non-Markovian reservoirs including PBG materials, optical fibers, and other confined photonic systems, where the appropriate non-Markovian master equation is difficult to solve. The new features of the band edge resonance fluorescence include the occurrence of the atomic population inversion and long-time memory of the initial state. The nonMarkovian effects of photon localization described here suggest the possibility that collective switching of an N-atom system near a photonic band edge may occur at a much lower (⍀р␤) threshold than previously considered ͓25͔.
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